The use of an acoustic nonlinear response has been accepted as a promising alternative for the assessment of micro-structural damage in metallic solids. However, the full mechanism of the acoustic nonlinear response caused by the material micro-damages is quite complex and not yet well understood. In this paper, the effect of material microstructural evolution on acoustic nonlinear response of ultrasonic waves is investigated in rolled copper and brass. Microstructural evolution in the specimens is artificially controlled by cold rolling and annealing treatments. The correlations of acoustic nonlinear responses of ultrasonic waves in the specimens corresponding to the microstructural changes are obtained experimentally. To eliminate the influence of attenuation, which was induced by microstructural changes in specimens, experimentally-measured nonlinear parameters are corrected by an attenuation correction term. An obvious decrease of nonlinearity with the increase of grain size is found in the study. In addition, the influences of material micro-damages introduced by cold rolling on the acoustic nonlinear response in specimens are compared with the ones of grain boundaries controlled by heat treatment in specimens. The experimental results show that the degradation of material mechanical properties is not always accompanied by the increase of acoustic nonlinearity generated. It suggested that the nonlinear ultrasonic technique can be used to effectively characterize the material degradations, under the condition that the variations of grain sizes in the specimens under different damage states are negligible.
Introduction
The use of nonlinear ultrasonics for characterizing the material property degradation due to fatigue, creep, aging, and thermal damage has been intensively investigated [1] [2] [3] [4] [5] [6] . It has been widely accepted that material nonlinearity could be attributed to micro-structural defects, such as lattice deformation or dislocation motion [7, 8] . Any process that alters the local atomic potential or impedes the movement of dislocations will change the microstructure and material nonlinearity. Recently, second harmonic generation of ultrasonic wave propagation was used to quantify the amount of nonlinearity in a material by several groups [9] [10] [11] [12] . It is convenient that the acoustic nonlinear response of second harmonic generation is related to the material micro-structural changes. The influences of the growth of grain size on nonlinearity during isothermal annealing by changing the holding time and temperature were examined in copper [13] . However, according to the authors' literature survey, most previous efforts have been limited to the use of nonlinear ultrasonic approach for qualitatively characterization of material microstructure. The quantification of material nonlinearity by acoustic
Nonlinear Ultrasonic Test
The typical nonlinear phenomenon is the generation of second harmonics. During the wave propagation in the specimen with distributed micro-damages, the formation of harmonics doubles the frequency of the incident ultrasonic wave [7] [8] [9] . The measurement of higher harmonic generation for micro-structural characterization is typically aimed at determining the value of acoustic nonlinear parameter β. The nonlinear parameter is related to the amplitudes of the fundamental wave and second harmonics [17, 19] .
where A 1 and A 2 are amplitudes of the fundamental and second harmonic wave, respectively. k is wave number, x is wave propagation distance. In experiments, for a fixed wave number and propagation distance, the quantity β is measured:
As shown in references [5, 7, 13] , it is indicated that as the microstructure changes, for a fixed frequency and propagation distance, the changes in beta are mainly derived from the changes in the relative acoustic nonlinearity (β = A 2 /A 2 1 ); β can be used to characterize the nonlinearity of a material. Thus, the material nonlinearity can be evaluated by detecting the fundamental and the second harmonic amplitudes.
Nonlinearity Adjusted by Attenuation Factor
When an ultrasonic wave decays with propagation distance, attenuation can also be counted as a factor affected by material conditions [20] . It refers to the amplitude reduction ratio of wave signal in the logarithmic scale with respect to propagation distance between two neighboring positions, as defined in Equation (3) . Generally, attenuation of an ultrasonic wave is highly dependent upon the frequency of propagation waves and microstructure of tested specimens [21] . In this work, the conventional method by the pulse-echo configuration is used to measure ultrasonic wave attenuation. The attenuation is denoted by a coefficient α that depends on frequency f as follows
where, A 1e and A 2e are the amplitude of the first and second ultrasonic echo, respectively; α is the attenuation coefficient and d is the thickness of specimens. Regarding the acoustic nonlinear ultrasonic test, correction for the ultrasonic attenuation due to microstructural change in metallic materials is essential to separate nonlinear harmonic generation effects from linear grain scattering effects [22] . The measured acoustic nonlinear parameter can be corrected by the attenuation term [23] :
where α 1 and α 2 are the attenuation coefficients of the fundamental wave and the second harmonic, respectively, in the given specimen; x is the propagation distance. Thus, the tested relative nonlinear parameter can be adjusted with the attenuation correction factor as:
where β c is the measured acoustic nonlinear parameter corrected by attenuation coefficient.
Experiment
Copper and brass plates with rolling texture were used as samples. The chemical composition of the copper plate and the brass plate are given in Tables 1 and 2 , respectively. Samples were cut and prepared, each with final dimensions 100 mm × 100 mm × 10 mm. To control the micro-structural evolution, samples were annealed for the generation of new grains. To prevent oxidation of specimens during heat treatment process, samples were placed in a tubular furnace within an inert atmosphere of argon. All samples were cooled naturally inside of furnace. The samples will be annealed at 600 • C for 12 h after cold rolling. The experimental setup to monitor the nonlinear ultrasonic wave is shown in Figure 1a . A high voltage sinusoidal tone burst signal at a frequency of 5 MHz is generated by the RITEC RAM-5000 SNAP system. The generated sinusoidal tone-burst signal then passes through a 50 Ohm termination and 14 dB attenuator, which is set to suppress the transient and purify the signal for a high signal-to-noise ratio (SNR). One narrow band piezoelectric transducer with a central frequency of 5 MHz is taken as the transmitter, while a broad band piezoelectric transducer with a central frequency of 10 MHz is employed to measure the second harmonics at double the frequency of the incident wave. The transducers are coupled to the specimen with light lubrication oil. The rolling direction of the specimen is marked with a blue arrow in Figure 1a . Both transducers are carefully placed on each side of the specimens with holders designed to ensure uniform coupling conditions, as shown in Figure 1b . The obtained time-domain signal is processed with the fast Fourier transformation after it passes through a 5 MHz high-pass filter and amplifier to extract and enhance the second harmonic generation. Signals are digitally processed by using the fast Fourier transformation (FFT) to obtain the amplitudes A 1 at the fundamental frequency and A 2 at the double frequency, respectively.
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Results and Discussions
A typical ultrasonic wave signal is provided in Figure 2 . As plotted in Figure 2a , the first echo and second echo of the received signals are obtained in the experiment. Each echo is digitally processed by using the fast Fourier transformation to obtain amplitude at primary wave and second harmonics, respectively. As shown in Equation (1), the nonlinear parameter of the ultrasonic waves is represented as the function of the ratio of the second harmonic amplitude to the square of the fundamental amplitude for a fixed wave number and propagation distance. This value represents the acoustic nonlinearity being correlated with the material nonlinearity of each specimen. The measured parameters are normalized to their initial values to display relative changes for the convenience of reading data. As shown in Figure 2b , and are the fundamental frequency amplitude and the second harmonic amplitude of the first echo, respectively. and are the 
A typical ultrasonic wave signal is provided in Figure 2 . As plotted in Figure 2a , the first echo and second echo of the received signals are obtained in the experiment. Each echo is digitally processed by using the fast Fourier transformation to obtain amplitude at primary wave and second harmonics, respectively. As shown in Equation (1), the nonlinear parameter of the ultrasonic waves is represented as the function of the ratio of the second harmonic amplitude to the square of the fundamental amplitude for a fixed wave number and propagation distance. This value represents the acoustic nonlinearity being correlated with the material nonlinearity of each specimen. The measured parameters are normalized to their initial values to display relative changes for the convenience of reading data. As shown in Figure 2b , A 11 and A 12 are the fundamental frequency amplitude and the Microstructural evolution in the specimens is artificially controlled by cold rolling and annealing treatments. Generally, for the raw copper and brass materials, there is some irreversible elastic deformation along with the residual strain or stress inside the samples. During cold rolling process, the numerous dislocations, elastic deformation and residual stress or strain will be introduced into the specimen, while the grain size will remain relatively unchanged during the cold process. After rolling, the samples will be annealed at 600 °C for 12 hours. Oppositely, during the annealing process, the residual strain or stress will be reduced and re-crystallization will occur in the specimens. For the recrystallization, the elastic deformation will be eliminated, thus, the hardness of the specimens will decrease. New grains with bigger size will be generated after annealing, and 12 hours are long enough to ensure the growth of the new grains. Thus, the distinctions of acoustic nonlinear response in the specimens under different damage levels but with similar grain sizes, and those in the specimens with different grain sizes, but under same damage levels, can be conducted experimentally in this investigation. Figures 3 and 4 show the micro-structural evolution of copper and brass at four different stages. The "line intercept" method [24, 25] was used for the determination of grain size. Variations of grain size of specimens with different stages were shown in Figure 5 . The hardness of each stage was determined using a Wolpert-Wilson micro-Vickers hardness tester. Variations of material hardness of specimens with different stages were shown in Figure 6 . For copper, ss shown in Figure 3a , the grain size was about 30µm at the initial state, and there were some dislocations in microstructure scale. After annealing at 600 °C for 12 hours, as shown in Figure 3b , the grain size of the copper sample is bigger than that in the sample at the initial state. In addition, some grains with much bigger sizes (about 100 µm) were observed and some twin grain boundaries were observed too (denoted by the arrows in the figure). Samples were cold rolled after annealing. The deformation rate was about 24.6%, which was calculated by × 100%, where is the length of the plate in the rolling direction before rolling, and l is the length of the plate in the rolling direction after rolling. As shown in Figure 3c , after cold rolling, the microstructure of the sample was deformed, and a lot of dislocations were generated. Meanwhile, even the shape of the grain was changed somewhat, but the grain size almost remained similar. Re-annealing treatment of 600 °C for 12 hours was applied to the samples after cold rolling, and the microstructure for this stage is provided in Figure 3d . As can be seen, compared with the previous stage, the number of dislocations was reduced and the grain size was increased. Microstructural evolution in the specimens is artificially controlled by cold rolling and annealing treatments. Generally, for the raw copper and brass materials, there is some irreversible elastic deformation along with the residual strain or stress inside the samples. During cold rolling process, the numerous dislocations, elastic deformation and residual stress or strain will be introduced into the specimen, while the grain size will remain relatively unchanged during the cold process. After rolling, the samples will be annealed at 600 • C for 12 h. Oppositely, during the annealing process, the residual strain or stress will be reduced and re-crystallization will occur in the specimens. For the recrystallization, the elastic deformation will be eliminated, thus, the hardness of the specimens will decrease. New grains with bigger size will be generated after annealing, and 12 h are long enough to ensure the growth of the new grains. Thus, the distinctions of acoustic nonlinear response in the specimens under different damage levels but with similar grain sizes, and those in the specimens with different grain sizes, but under same damage levels, can be conducted experimentally in this investigation. Figures 3 and 4 show the micro-structural evolution of copper and brass at four different stages. The "line intercept" method [24, 25] was used for the determination of grain size. Variations of grain size of specimens with different stages were shown in Figure 5 . The hardness of each stage was determined using a Wolpert-Wilson micro-Vickers hardness tester. Variations of material hardness of specimens with different stages were shown in Figure 6 . For copper, ss shown in Figure 3a , the grain size was about 30 µm at the initial state, and there were some dislocations in microstructure scale. After annealing at 600 • C for 12 h, as shown in Figure 3b , the grain size of the copper sample is bigger than that in the sample at the initial state. In addition, some grains with much bigger sizes (about 100 µm) were observed and some twin grain boundaries were observed too (denoted by the arrows in the figure). Samples were cold rolled after annealing. The deformation rate was about 24.6%, which was calculated by l−l l × 100%, where l is the length of the plate in the rolling direction before rolling, and l is the length of the plate in the rolling direction after rolling. As shown in Figure 3c , after cold rolling, the microstructure of the sample was deformed, and a lot of dislocations were generated. Meanwhile, even the shape of the grain was changed somewhat, but the grain size almost remained similar. Re-annealing treatment of 600 • C for 12 h was applied to the samples after cold rolling, and the microstructure for this stage is provided in Figure 3d . As can be seen, compared with the previous stage, the number of dislocations was reduced and the grain size was increased. Similar phenomena were also observed for brass, as shown in Figure 4 . The grain size of the sample was about 20 µm at the initial state. After annealing at 600 °C for 12 hours, the grain size of the sample was increased to 80 µm. Cold rolling was used to result in the generation of microstructural defects, including dislocations, elastic deformations, etc., while the grain sizes in the sample stayed similar. The re-annealing process was also applied to the sample for recrystallization. The defects were eliminated after annealing and grain size was about 110 µm in the brass sample at this stage. Similar phenomena were also observed for brass, as shown in Figure 4 . The grain size of the sample was about 20 µm at the initial state. After annealing at 600 • C for 12 h, the grain size of the sample was increased to 80 µm. Cold rolling was used to result in the generation of microstructural defects, including dislocations, elastic deformations, etc., while the grain sizes in the sample stayed similar. The re-annealing process was also applied to the sample for recrystallization. The defects were eliminated after annealing and grain size was about 110 µm in the brass sample at this stage. Similar phenomena were also observed for brass, as shown in Figure 4 . The grain size of the sample was about 20 µm at the initial state. After annealing at 600 °C for 12 hours, the grain size of the sample was increased to 80 µm. Cold rolling was used to result in the generation of microstructural defects, including dislocations, elastic deformations, etc., while the grain sizes in the sample stayed similar. The re-annealing process was also applied to the sample for recrystallization. The defects were eliminated after annealing and grain size was about 110 µm in the brass sample at this stage. Grain boundaries can be taken as the micro-discontinuities in the material. Generally, bigger grain size corresponds to less grain boundaries (more material nonlinearities) in the specimen. As shown in Figure 5 , the cold rolling does not affect the grain size in the specimen, which means that the variation of acoustic nonlinear response in the specimens before and after cold rolling is mainly due to the micro-damages rather than grain boundaries. Hardness can be used to identify the density of dislocations in specimens [14] . The increase of hardness in specimens corresponds to the increase of dislocation density. The obvious change of hardness of the specimens can be obtained by the annealing and rolling treatments, as shown in Figure 6 .
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Metals 2019, 9, x FOR PEER REVIEW 8 of 12
in solid media, it is known that the minor change of tested specimen thickness has limited effect on the measured acoustic parameter of ultrasonic wave propagation in the specimen, which are generally not considered [21] [22] [23] . in solid media, it is known that the minor change of tested specimen thickness has limited effect on the measured acoustic parameter of ultrasonic wave propagation in the specimen, which are generally not considered [21] [22] [23] . As illustrated in Figures 9 and 10 , there is a significant decrease of acoustic nonlinearity of ultrasonic waves in the specimens after the annealing process. This phenomenon can be interpreted precisely as: after annealing, the decrease of hardness is attributed to the decrease of dislocation density in the specimens. A certain level of elastic deformation in the specimens is also eliminated after annealing. The increase of grain size corresponds to the decrease of grain boundaries. All of these contributions which happened in the specimen could minimize the acoustic nonlinear response of ultrasonic wave propagation. Similar results can also be found in our earlier investigation about the heat treatment effect on acoustic nonlinear response [7] . In the following stage, it is found that acoustic nonlinearity in the specimens increase a little after cold rolling due to the increase of dislocation density and elastic deformations. However, it is important to note that the cold rolling process does not affect the grain size, and the contribution from the variations of grain boundaries to the change of nonlinearity can be neglected. In the final stage, after the specimens are re-annealed, it is found that there is another sharp decrease of nonlinearity in the specimens. After comparing the effects of microstructural evolution in (b) and (c) on acoustic nonlinear response, it is found that the variation of acoustic nonlinear response is very tiny. Though the condition of grain sizes of specimens is unchanged, even then, obvious microstructural defects existed in the sample at stage (c). The comparisons of the influences of grain boundaries and the microstructural defects, including elastic deformations, dislocations, as well as the residual stress or strain on the acoustic nonlinear response, indicate that the grain boundaries play a dominant role for the contributions of acoustic nonlinearity. Grain boundaries are interfacial defects that separate grains having different crystallographic orientations in a polycrystalline material, which can be taken as micro-cracks in the specimens. More grain boundaries or intercepts in the wave propagation path can significantly increase the distortion of ultrasonic waves. This interesting finding shows that the use of nonlinear ultrasonics can only be effective to characterize efficiently the material degradations under the condition that the variations of grain sizes in the specimens with different damage states are negligible. Metals 2019, 9, x FOR PEER REVIEW 10 of 12 
Conclusions
The effects of material microstructural evolution on acoustic nonlinear response of ultrasonic waves are studied in rolled copper and brass materials. Cold rolling is used to introduce micro-defects, including elastic deformation, dislocations, and residual stress or strain into the specimens, while the annealing treatment is used to change the grain size. The variations of acoustic nonlinear response of ultrasonic waves corresponding to the evolution of micro-structures in the samples are obtained. The comparisons of influences of grain boundaries and the micro-damages on the acoustic nonlinear response in the specimens show that the grain boundaries play a dominant role for the contributions of acoustic nonlinearity. The experimental results also indicate that the degradation of material properties is not always accompanied by the increase of nonlinearity. It suggested that the nonlinear ultrasonic waves can be used to characterize efficiently the material degradations, in the condition that the variations of grain sizes in the specimens with different damage states are negligible. 
